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I. Introduction

The development of more efficient gas turbine engines and power plants for future super-
sonic transports like the high speed civil transport (IISCT) depends upon the advancement
of new high temperature materials with temperature capabilitios exceeding those of current
nickel base superalloys. Ordered intermetallic alloys. in particular the B2 structured NiAL
have long been considered a prime candidate to replace superalloys in the combustion and
turbine sections of aircraft gas turbine engines due to a number of property advantages
including the development of alloving schemes for enhanced creep strength [1].

One of the most basic of these strategies is to combine single crystal processing and al-
loving with reactive elements such as Ti. Hf. Zr and Ta in order to generate extremely creep
resistant materials [2]. This approach has been so eflective that single crystal NiAl alloy
turbine vanes have heen successfully engine tested [3]. Not only did the parts survive engine
testing but thev displaved superior performance to superalloy components undergoing the
same evaluation. However. alloy design. while successful to this point. has been entirely
empirical in nature. Furthermore. limited understanding of the basic microstructures and
structure-property relationships has occurred due to this empirical alloy design approach.
For example. Ti additions on the order of 2.5-3.0 at. % result in a 200-5000 fold reduction in
creep rate over binary NiAl single ervstals [4]. ‘The mechanism behind this large solid solu-
tion strengthening phenomenon is hampered by the lack of detailed structural information
concerning the NiAl-Ti svstem.

While it is well known that ternary and higher order alloving additions to structural

intermetallics are essential for the optimization of physical. chemical, structural. and me-
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chanical properties, it is only recently that substantial theoretical work has been directed
towards a thorough understanding of the atomic processes involved, with the goal of elu-
cidating the role of such alloving additions in controlling properties. In the simple case of
FeAl and NiAL there are abundant. sometimes conflicting results from a variety of tech-
nigues. providing some guidance to the defect structures in these binary compounds as a
function of stoichiometry [1.5-7]. From a theoretical standpoint, first-principles caleulations
have also provided very valuable information regarding this issue [R]. However. a full un-
derstanding of the processes involved and a complete description of the composition and
temperature dependence of defects and site distributions are not vet available for NiAl and
I'e Al This problem is even more pronounced for allov svstems whicl have not heen as thor-
oughly studied and is nearly intractable for ternarv and quaternary additions to an ordered
A-B systenn. The uncertainties and shortcomings of the techniques - whether theoretical
or experimental - used to characterize the behavior of ternary and higher order additions
raise questions as to whether the problem of lLighly alloved svstems is easily amenable to
analysis,

While it would be extremely advantageous 1o perform accurate quantitative and qual-
itative theoretical analvsis of these multicomponent systems. this is bevond the scope of
most current available techniques. Theoretical predictions of alloy properties are generally
obtained by two approaches, first-principles and semiempirical. First-principles methods
involve solving Selirédinger’s equation for the system at hand. while semiempirical methods
attempt to develop approaches to model energetics with empirical input to obtain unknown
parameters. ldeally. first principles calculations are best suited for providing the most ac-

curate and consistent framework for such studies. However. the small differences in energy
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related to hasic issues like preferential site substitution impose the need for intensive elec-
tronic structure caleulations. Moreover, the complexity of the multi-component systems
imposes further limitations. and thus. not enough information can be realistically expected
from a first-principles approach hecause the C'PU intensive calculations must be performed
for manv possible, large configurations. This limits the nsefulness of first principles ap-
proaches as cconomical predictive tools.

On the other hand. semiempirical approaches partially solve this problem by introduc-
ing a much needed degree of efficiency. which enables one to look at larger systems. at the
expense of a hopefully minimal loss of physical accuracy. Most importantly. they are useful
in providing a global view of the mechanisms or processes at hand. However. their range
is Himited. in most cases. to a few elements or some particular cryvstallographic structure.
Methods that exhibit a great deal of accuracy for bulk naterials fail to reproduce some of the
most basic properties of surfaces or grain boundaries. In addition. their field of applicability
to monatonic svstems or very specific binary systems (for which specific parameterizations
or potentials are often developed) is limited due to the lack of transferrability of the pa-
rameters used. Recently. a new semiempirical technique was developed which avoids the
current limitations on existing methods. The BFS (Bozzolo- Ferrante-Smith} method for
allovs [9] is particularly designed to deal with complex systems and geometries: it has no
constraints regarding the atomic species under consideration. their number. or the crystal-
lographic structure. The BFS method provides a simple framework for large scale computer
simulations with the appropriate formal background. without the limitations that exist in
competing techniques.

After a brief introduction of the BFS metlod. this paper concentrates on its application
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to the study of Ni-Al-Ti allovs and the fundamental issues concerning physical properties.
resulting defect structures, the solubility of Ti in NiAl and precipitation of a second phliase.
Moreover. the results inchide Monte Carlo temperature-dependent large-scale simulations
providing some insight on the relationship between heat treatment and microstructure.
Finally. owing to the engineering significance of NiAl-Ti alloys and to develop confidence in
our modelling abilities. the theoretical results derived from the BES method are compared

10 the results from a concurrent transmission electron microscopy study.

II. The BFS Method

Since its inception a few vears ago. the BE'S method has been successfully applied
to a variety of problems [9-19]. starting with the basic analysis of bulk properties of solid
solutions of fcc and bee binary allovs (heat of formation [10-11]. lattice parameter [12]. etc.)
to more specific applications like the energetics of bimetallic tip-sample interactions in an
atomic force microscope [13]. and Monte ('arlo simulations of the temperature dependence
of surface segregation profiles in ('u-Ni alloys [14] . An additional advantage of the BFS
wethod is that it allows for deriving simmple. approximate expressions which describe the
trends in segregation and elucidate the driving mechanisms for these phenomena [18]. More
recently, the ability of the BI'S method to deal with alloy surfaces as well as phase stability
in more complicated systems has been successfully demonstrated in simulations of surface
allovs containing as many as four elements [17] and the design of Ni-based quaternary
allovs [9]. providing a strong foundation for the work presented in this paper. Also. as a
consequence of the ideas underiving the foundation of BI'S. simple expressions for predicting

the composition dependence of bulk alloy properties have been recently derived (the BE rule)
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[19]. based solely on pure component properties. providing an alternative 1o the commonly
used Vegard's law [20].

I what follows we present an operational review of the method. Due to its novel way of
partitioning the energy in different contributions. this presentation should he complemented
with a review of previous applications [9-I8]. in order to familiarize the reader with the main
concepts discussed below.

The BI'S method is based on the idea that the energy of formation of an arbitrary
alloy structure is the superposition of individual contributions £, of nonequivalent atoms in

the alloy [9].

so that the total energy of formation is

AlT=) ¢, (

;

>

For each atom. we break up the energyv into two parts: a strain energy > and a chemical
. o ?

hem

contribution ¢ The chemical energyv consists of two terms: one (vrarepsilont which
N i

. . . . ("

takes into account the actual chemical environment seen by atom 7 and a reference term ¢, °.
introduced in order to ensure that no structural information is introduced in the calculation
of the chemical effects: ¢t = 0" — 0 The strain and chemical energy are then linked

by a coupling factor ¢:
o .stroin ochem 3
=g + g€ (3)
where ¢ denotes the atomic species of a given atom (z9¢ is a reference energy to be defined
later).

The strain energyv. <>, accounts for the actual geometrical distribution of the atoms

i
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surrounding atom /. computed as if all its neighbors were of the same atomic species as
atom 2. 27 is then evaluated with any suitable techiique such as Equivalent Crystal Theory
(BCT)[21].

The coupling term, g;. is related to the strain energy in the sense that it contains
information on the structural defect included in 7. In order to establisl this connection.
hased on the assumption that the universal hinding energy relationship of Rose ot al. [22]
contains all the relevant information concerning a given single-component syvstem. we can

write =7 as

Y= KL el (1)
where
Fra®y=1-(14a") ™" (5)
and where u‘f'. given by
a;":q——("?]_"i). (6)

)

is a scaled lattice parameter related to a7,

a quantity that contains the structural infor-
mation of the defect crystal. o/ 0 and L{.. are the equilibriumm lattice parameter. scaling
length. and cohesive energy. respectively, of a pure ervstal of species i and ¢ = (E‘z—‘_r)l/:i for

bee metals. Once €7 is evaluated. a7 can be easily obtained from Eq.(4) from which the

coupling term g¢; hecomes

As in previous efforts [9-19]. we chose ECT [21] to perform the strain energy calcu-
lations. the choice being guided by the simplicity and reliability of this technique. Using

ECT for computing ¢ introduces the added advantage that ¢ (and thus a?) is directly
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obtained by solving the LCT equation for the defect crvstal. as shown helow. Within the
framework of ECT. ¢ is interpreted as the lattice parameter of an ideal. perfect crystal
(i.e.. the equivalent crystal) where the energy per atom is the same as the energy of atom
i in the actual, defect crystal.

In general. the ECT equation for computing the strain energy reads
- —a R ‘—()—Il)) V(o S(r - >
A ”/1‘ ahy + A‘\”‘)Q( {o+x MW Z,../l( (oS50 ), (%)
J

where the quantities p.a. X and the screening function S are defined in Ref. 21 . The sum
on the right hand side of Eq. (8) runs over all neighbors of atom ¢ at a distance r,. Eq.
(8) is then solved for the lattice parameter of the equivalent crystal af. R, and R, are
the corresponding nearest-neighbor and next-nearest-neighbor distances in the equivalent
crvstal. The strain energy is then computed with Ilq.(-1). Tor the particular case where
all the neighboring atoms are located at lattice sites. r; = ry and S(r;) = 0 for nearest-
neighbors: r; = ry and S(r;) = 1/ for next-nearest-neighbors: and if » is the actual number

of nearest-neighbors and m is the corresponding number of next-nearest-neighbors. then Eq.

(R)is simply
T 1 ¥ —{ l— ‘ i i —{d i .
N Rie ol 4 MR (et 5B e e @tz {9)

Rigorously. the computation of the strain energy includes four terms (see Ref. 21).
In this work. we neglect the three- and four-body terms dealing with the bond angle and
face-diagonal anisotropies and retain only the two-hody term that accounts for bond-length
anisotropies [21]. which we expect to be relevant for atoms in the top (surface) layvers.

The higher order terms would be proportional to the small local fluctuations of the atomic
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positions around the equilibrinm lattice sites. We expect that the leading term of Lqg. (4).
will adequately account for these small distortions.

The chemical contribution ¢ is obtained by an E('I-like calculation. As opposed
to the strain energy term. the surrounding atoms refain their chemical identity. but are
forced to be in equilibrium lattice sites. If N (M) denotes the number of nearest{next)-
neighbors of species & of the atom of species ¢ in question. then the ECT equation [9.21] to

be solved for the equivalent lattice parameter a8’ is
S —o B =0+ )R . Yy —rigF 5 —(oy, Ly
N Ry T ARy T 2 STy ST g TR (1)

where N{(AM) is the number of nearest(next)-neighbors in the equivalent crvstal of species
i and Ry(R,) is the nearest(next)-neighbor distance in the equivalent crvstal of lattice
parameter at . ryp and ry. are the equilibrium nearest- and next-nearest-neighbor distances
in an equilibrium cryvstal of species i, respectively. The chemical interaction hetween atoms

¢ and k is represented by the parameters ay, given by
Gip =0+ Ay (1)

which. extending the underlving concepts in ECT. parameterizes the tail of the wave fune-
tion in the overlap region between atoms ¢ and k. The pure element ECT parameter «;
is then “perturbed” by the BFS parameter A;,. Therefore. the BFS method introduces
only two new parameters in addition to the EC'T parameters needed for the individual con-
stitnents: Ay and Ay, for every pair 7ok of alloy components. The chemical energy is then
computed with

= AL FT s (12)
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and

o= "ml'jé"l“*("f‘ﬂ*) (13)

i

where ~{59) = +1 if (lf“‘(ufl”x) > 0 and 9(9u) = — 1 otherwise. and nf‘* = l/((lfl —a)/l.

/

=

The scaled lattice parameter (1,(' is obtained from Ey.(10) and u‘(“"* is computed by solving
Fq.(10) again. but with ay = o,

The BFS parameters Ay and Mgy in Eq. (11) are obtained from results of first-
principles. all-electron, density-functional based calculations of the elemental constituents
and ordered hinary compounds of these elements. The particular implementation used in
this work is the Lincar-Muffin-Tin Orbitals (LMTO) method [23] in the Atomic Sphere
Approximation (ASA). This scheme was used to calculate the equilibrium properties of the
elemental solids in the same crystal symmetry as that of the compound to be studied. This
set of parameters is accurately described by the Local Density Approximation [24]. Thus,
for this case. we have calculated the properties of bee-Al bee-Ni and bee-Ti. as well as B2
ordered NiAl. NiTi and TiAl (while the B2 NiAl and NiTi phase do exist in nature. TiAl
forms a L1, fee-based structure). Caleulations were made for different valnes of the lattice
constant. and total energies were then fitted to the universal equation of state of Rose et
al. [22]. The LMTO method uses a minimal basis set: in this work. we have used only s,
p and d orbitals. All calculations were done with equivalent sampling ol the Brillouin zone
using. for the bee lattice. 120 A-points in the irreducible wedge. Apart from the parameters
describing the equation of state of the element (lattice parameter, cohesive energy and bulk
modulus). the parameterization of the BFS approach requires the formation energy of a
single vacancy (E,..) in order to fix the EC'T parameter a. We have also calculated E,.,.

with the LMTO method using a supercell approach. Studies of the convergence of this
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property as a function of the supercell size showed that. for the required precision in the
caleulation ( ~ 0.1 eV/atom} and within practical computational limits. a supercell of ¥
atoms is necessary. \s BI'S is parameterized without considering the relaxation caused by
the formation of a vacancy., no relaxation is allowed in the LMTO calculations.

As mentioned above. the consistent parameterization of the BE'S method requires also
the calculation of the formation energy and lattice constant of an ordered hinary compound.
We have chosen the bee based B2 strueture. This calculation for the compound is equivalent
in the basis set and sampling of the Brillouin zone used for the pure elements.

The ECT and BES parameters used in this work for Ni. Al and Ti are listed in Tables 1
and 2. respectively. For consisteney. these parameters have all been determined purely from
LMTO calculations and did not involve any experimental input. Once these parameters are
computed. they remain the same for any calculation involving NiAl-Ti. requiring no further
adjustment or replacement. T'he parameters enter the calculation of the energy of formation
of the different configurations to be studied through Eqs. (4)-(10). The numerical values
of the BFS parameters A g and A,y can be easily obtained. since one of the advautages
of the BFS method is that it allows for a simple analytical procedure for the determination
of such parameters, as described in detail in Appendix A.

We should emphasize that in the context of BI'S. the strain and chemical energy contri-
butions differ substantially in meaning from the ones these terms have in other approaches.
The BES strain energy is related to the usual strain only in that the atomic locations are
those found in the actual allov: the BFS strain energy of a given atom is then the actual
strain that it would have in a monatowmic crystal of the same species of the reference aton.

Likewise. the BFS chemical contribution is related 1o the usual chemical energyv in that the
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LATO results ICT parameters
Atom Lattice Cohesive Bulk Vacaney | p 0 A
Paramater | Energy | Modulus | Energy (A ™H (\) (\\)
(\) (eV) (GPa) (eV)
Ni 2,752 5.869 249.2 3.0 6| 3.0670 | 0.763 | 0.2716
Al 3.192 3.912 73 1.8 4| 1.RTH6 | LO3R | 0.3695
Ti 3.213 6.270 121.0 2.0 G| 2.6R05 | 1048 | 03728

Table 1: LMTO results for the lattice parameter, cohexive energy. bulk modulus and vacancy
formation energy for the hee phases of Nio Al and Ti. The last four columns display the
ensuing ECT parameters determined from the LMTO results.

B.I'.S. Parameters
A-B Aug Agg
Ni-Al || -0.05813 | 0.0822
Ni-Ti || -0.06587 | 0.1610
ALTi || -0.06360 | 0.2283

Table 2: BEFS parameters X yp and Mgy for Ni-AL Ni-'Ti and Ti-Al determined by fitting
the lattice parameter and heat of formation of the corresponding B2 compounds via LMTO
calculations.

actual chemical composition of the alloy is taken into account. but with the neighboring
atoms located in ideal atomic sites: the BFS chemical energy of a given atom is then the
actual chemical energy in an ordered environment with the lattice spacing characteristic of
the equilibrium lattice of the reference atom. We refer the reader to previous applications

of BFS for more insight in this issue [9.19].

II1. Ni-Al-Ti alloys

From a practical standpoint two-phase alloys based on a NiAl matrix reinforced by
Heusler (Nip AlTi) precipitates have heen receiving increased experimental attention due to

their potential as high temperature structural alloys [2-1.25-28]. The Heusler phase has a

NASA TM-113121 11



cubic L2} structure. in which the unit cell comprises eight bee unit cells with Al and Ti
atoms occupying two sets ol octahedral sites located at body-center locations (Fig. 1). It
is related to the B2-NiAl@ structure in that every other Al site in the NiAl lattice becomes
occupied by a Ti atom in an ordered fashion. Because of the similarity in lattice structure
hetween B2 and L2, it is possible to develop precipitation hardened alloys simliar to 4 /+°
nickel base superallovs.  However, in order to design within this new family of B2/1L2,
allovs (also known as 3/47 superallovs), microstructural factors such as the solubility of
Ti in NiAlL the defect structure within the solid solution NiAl-Ti phase. the lattice misfit
between the two phases. and eventually the effect of quaternary and higher order additions
on all of these factors need to be determined in detail. However, even with the amount of
experimental work performed on the ternary NiAl-Ti system over the last decade [2-14.25-28].
details of these microstructural features are still vague while those for quaternary systems
are completely lacking.

Needless to sav, theoretical modelling of these microstructural features would save vears
of allov development time and result in significant cost savings. In fact. in today’s climate
of dwindling resources, the only feasible way 1o develop new alloy syvstems may he through
advanced screening by theoretical means. However, almost no computational effort has
been spent analvzing this issue. Tu et al. [29] have recently presented a compreliensive
first principles study of site substitution on both the defect structure of FeAl and NiAl
compounds as well as the behavior of ternary (T or Crin FeAl and Fe in NiAl) additions
to these systems. Unfortunately, no NiAl4+Ti results were included. In a much earlier study.
Tso and Sanchez [30] performed some thermodynamic modelling of the Ni-Al-Ti svstem but

the results focused on the modelling of the various phase diagrams with limited attention

NASA TM-113121 12



and no detail presented concerning the case of ternary alloyvs.

In this paper. we concentrate on Ni-rich NiAl allovs. prevalent in industrial applications
[3.1]. For binary alloys. the defect structure consists primarily of substitutional antisite
defects on the Al sublattice and as a result the lattice parameter monotonically decreases
with increasing Ni concentration [1]. In a previous application of the BEFS method to
the study of the zero temperature defect structure of NiAlalloys [31]. the computational
results correctly identified the energetically favored defect structures. including the correct
substitutional defect scheme in Ni-rich allovs. It was also shown that while Ni vacaucies are
mostly responsible for the observed behavior in Al-rich alloys. evidence was found for the
possibility of vacant sites in both sublattices as well as a trend for clustering of vacancies.
Both features have heen observed in recent experiments [32].

In particular. the quantitative accuracy of the BI'S results for binary NiAlis highlighted
by the predicted values of the lattice parameter. A survey [1]of available experimental data
indicates that the lattice parameter in the Ni-rich region varies linearly with concentration.
Correspondingly, the BFS results can be adjusted to a similar linear regime with a very

small departure from the experimental expression:

I

103814 — 0.0007914rx;

( : )’

iy y’.l'[ﬁ.

( " ) FS
y BES

Fig. 2 displays both the experimental values as well as the two linear expressions pa-

Il

1.0396 — 0.0007689.r n; (14)

rameterizing both experimental and theoretical results. The qualitative and quantitative

agreement with experiment certify the validity of the Ni-Nio Al-ADand Ni- Al BES param-
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eters used in this work. From a methodological point of view. the results that follow can
be taken as evidence for the validity of the Ti-Ti. Ti-Al and Ti-Ni BES parameters used in

this paper.

A. Analytical Structures

Exploiting the computational simplicity of semicmpirical methods and in particular
the BE'S method. this section is devoted to a discussion of the energetics of a large num-
her of Ni-Al-Ti alloys. These allovs represent a wide range of concentrations and different
atomic distributions with different degrees and 1vpes of ordering. For reasons of simplicity
and 10 enable comparison with available experimental data on industrially relevant com-
positions. we restrict our calculations to Ni-rich NisgAlzg—,Ti, allovs. The large size of
the computational cells combined with the number of different elements considered results
in a large number of possible distributions of these atoms within the computational cell.
Consequently, an efficient and economical - but physically sound - technique is required to
examine all pertinent configurations of atoms.

In this section. the approach used is hall way between a detailed analytical study
and an exhaustive statistical survey for each concentration and atomic distribution. The
procedure followed was to define a particular ‘configuration” of atoms. then use the BI'S
method to compute the energy of formation of each configuration. as well as its equilibrium
lattice parameter and bulk modulus. A large set of high symmetry configurations covering
a wide composition range were defined in this manner. The purpose of this approach is
to 1) relate general trends of the lattice parameter and the energy of formation to changes

in concentration and atomic distribution and 2) identify metastable structures. that is.
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configurations with energy close to that of the ground state, which might have a high
probability of appearing in the actual alloy depending on the conditions prevalent during
its processing.  Therefore. this “catalog™ of alternative configurations serves the purpose
of identifving ordering trends and provides physical insight 1o the microstructure of the
actual allov. Since the number of possible configurations is prohibitively large. we believe
that this selection procedure is suflicient 1o gain an adequate nnderstanding of the alloy
studied. Some selected configurations are described in Fig. 3. The T2-atom computational
cell is properly labeled to facilitate the understanding of the atomic exchanges that define
the different configurations in the set (Fig. 3.a). Two examples of such configurations are
shown in Fig. 3.b. and a complete list of the configurations studied in this work is included
in Appendix B.

The obvious difficulty in defining an appropriate set of configurations for the study at
hand is the lack of a priori knowledge of the ground state structure for a given composition
or temperature. In some cases (i.e. low concentration solutes) the ground state might
have easily predictable features but. in general. no gunarantee exists that the ground state
confligurations for each concentration are included. However. a close examination of the
results usually give a clear indication whether a particular configuration could he “missing’
from the set.

In this work. the results for a set of over 150 different configurations of a 72-atom
computational cell are shown and discussed. Fig. 3 shows some of these configurations
and introduces the notation used in Appendix B to identify the position of Ni. Al and Ti
atomus in the lattice. Obviously. if this set was complete and if it included the ground state

for a certain composition. the energy of formation for such a configuration would be lower
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than anyv other with the same concentration of elements. I'ig. 4 summarizes the results
of this type of analvsis for the 1504 set of configurations: the energy of formation at zero
temperature for NigyAlsg_Ti, allovs. for o between 0 (B2 NiAl) and 50 (32 NiTi) at.
Y Ti. is shown in Fig. 4.a. .\ close examination of the atomic distributions cousidered
for cach concentration - detailed in Appendix B- reveals that most of the likelv ordering
patterns for a given composition are included in this survev. Moreover, Fig. 4 shows. for
cach concentration. “clusters” of states very close in energyv that correspond. in terms of the
atomic distributions. to related ordering patterns. lu particular. Fig. 1. focuses on those
configurations with 0(r7,{25. highlighting the fact that a specific group of configurations.
corresponding to the lowest energy states for each concentration above rp, ~ 5 follows a
trend quite different from the one that characterizes the rest of the configurations in the
set. In what follows. we first discuss the BFS predictions for preferential site occupancy of
Tiin NiAl followed by an analysis of phase stability. based on the results summarized in

Fig. .

B. Site preference of Ti in NiAl alloys

In general. those configurations where Ti atoms occupy sites on the Al sublattice are
consistently lower in energv. The site preference of Ti atoms can be analvtically determined
with the BFS method by considering just a few configurations where, for a fixed concen-
tration, 'I'i atoms are located in specific sites. Figure 5 shows the configurations considered
and Table 3 lists the corresponding values for the energy of formation and lattice parameter.

The notation used to indicate site preference is self-explanatory and is convenient for

representing more complicated situations as will be seen in an upcowming study of multicom-
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ponent svstems. The notation A(B) indicates a substitutional defect where atom A occupies
a B site. The svmbol A(B)C indicates an A atom occupyving a B site with the displaced B
atom accupving a (' site. When necessarv, the separation hetween two defects is noted @ for
example. A(B)C vy indicates that the A atom in the B site and the B atom in the € site are
nearest neighbors. In Table 3. the subindex far (d) denotes that the corresponding atoms
are at a distance d greater than second neighbor distances. while the subindex Heusler in-
dicates that the atoms locate themselves in Al sites following the Heusler pattern (atowms
in any pair of Heusler sites are located in opposite corners of a face of the elementary cube
in the Al sublattice).

The cases considered for the study of site substitution include two different Ti con-
centrations: 1.39 and 2.78 at. %. For the first case. two basic configurations are possible:
the Ti atom occupyving an Al site (Ti(Al)) (fig. 5.a). and the Ti atom occupying a Ni
site with the displaced Ni atom located in an Al site (Ti(ND) AL In this second case. the
antistructure Ni atom can be a nearest neighbor of the Ti atom (Ti(NDAlyvx. fig. 5.b)
or not ( Ti(Ni)Aly,,. fig. 5.c). The corresponding values for the energy of formation are
listed in Table 3. clearly showing the preference of a Ti atom for an Al site. A similar
situation is observed at a higher Ti concentration (figs. 5.d-5.h). Several possibilities now
exist concerning the relative location of the additional Ti atoms: theyv could both be lo-
cated in Al sites. or create an antistructure Ni pair by occupying Ni sites with the Ni atoms
occupying Al sites. or a combination of these defects with several options for the relative
location of the antistructure and substitutional atoms with regard to each other. All these
possibilities are included in Fig. 5 and the corresponding formation energies are listed in

Table 3. Once again there is a clear preference of Ti for Al sites compared 1o any other
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substitution scheme. Moreover. the small difference in energyv of formation hetween the case
when the two Ti atoms are nearest neighbors and the case where they are truly separated
can be used to explain why at low Ti concentrations there is a close competition between
a disordered and ordered arrangement of Ti atoms on the Al-sublattice. as seen in Fip.
LI (ordered configurations are indicated with circles while disordered configurations are
indicated with solid squares). The preference of Ti for Al sites is observed for the whole
range of Ti concentratious considered in this work. leading eventually to the formation of
the Heusler (Nip AlTi) alloy.

Figure G is an alternative way of displaving the results of the site preference calculations.
in the form of an energy spectrum. The first column shows the energy “levels” corresponding
to the different substitution schemes for just one Ti atom in a 72 atom cell. The second and
third columns show results for two (rp; = 2.78) and five (r7;, = 6.94) atoms respectively.
The sphitting of the Ti(Al) level for 27, = 2.78 is due to the different relative locations of
the two Ti atoms: they could be non-interacting (*far’). situated in a Heusler-like pattern
(opposite corners of a cube in the Al sublattice, indicated with circles in Fig. 4.b) or in such
a way that the two Ti atoms in the Al sublattice are at next-nearest-neighbor distauce. For
xp; =06.91 the splitting in energy levels is much more since many more possibilities exist
for the placement of the Ti atoms. We only show two states in the ground state region:
the one corresponding to the Ti atoms in solid solution (*fai’ from each other in the Al
sublattice) and the Ti atoms following a strict Heusler ordering pattern. The reversal
in energyv levels between xp; =2.78 and x7; =6.94 for the solid solution and the Heusler
ordering options clearly indicates that the formation of Heusler precipitates is favored at

the higher T1 concentrations.
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Xy Description of Energy of Lattice
the conliguration Formation (e\V) | Parameter (\)

Ti(NI) Ay -0.11:320 2870

.39 TN ALy, -0.38052 2.5870

Ti(AD -0.60839 2.853

2THNDA N + 2NIAD) vy -0.32607 2881

TN AN -0.32873 2882

TINDAIvy + TiCAD -(0.36393 2.879

IS [N+ N A+ 1D 0, 037773 2878

2T AD v N -0.59918 2.859

2'l‘i(;\1)jm,(\/3,l) -0.60350 2868

2THAD e wste s -0.60350 2.858

2'l‘i(.\l)f(l,,(\/§,,) -0.60363 2858

Table 3: Energy of formation and lattice parameter for specific atomic configurations of Ti
atoms within a NiAl lattice at two difflerent concentration levels.

Iinallv. the stability of the Heusler phase (Iig. 4.b). where Ti atoms are located
exclusively in Al sites. indicates that the site preference observed at low concentrations is

the same for the whole range of concentrations for which this phase exists.

C. Evolution of second-phase structures within NiAl

Figure 3 introduces some selecied configurations from the complete set used in this
work. as well as the notation used in labeling them. A complete list of configurations
is included in Appendix B and the energy of formation computed via BI'S for all the
configurations is shown in Fig. 1. One feature in Fig. -1 becomes immediately apparent:
bevond 5 at. % Ti. there is a clear separation in formation energy between a selected type of
configurations (denoted with circles in Fig. 4.b) and the rest (denoted with solid squares).
The selected group of configurations correspond to a particular type of ordering. where Ti

atoms locate themselves exclusively in Al sites in such a wayv that they alwayvs have Al
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atoms as next nearest neighbors. This ordering pattern. when extended 1o the case when
the concentration of 11 is 25 Y. corresponds to the L2y ordered structure or Heusler phase,
At that particular concentration. the energy gap hetween the Heusler structure (solid cirele
in Fig. -L.h) and anv other configuration is the largest. clearly indicating the stability of
this phase at a stoichiometry equivalent to Ni AITi.

Below 5 at. % T, those configurations where T is in solid solution with the matrix
are energetically favored, however so slightlv. over those where short range order dominates.
This is more clearly demonstrated in Figure 6. This situation is reversed at a composition
near 5 at. Y% T with an ever more distinguishable preference for Heusler ordering against
any other option hevond 10 at. % Ti. In other words. Heusler-like ordering becomes clearly
preferred bevond a certain critical value somewhere near 5 at. % Ti. in spite of the fact that
even at lower concentrations those configurations with short-range Heusler-type ordering
are also very low in energy. This crude way of determining the solubility limit of Tiin NiAL
which based on these results could be set somewhere near 5 at. % Ti. not only establishes
such a critical value but it also provides some insight on the behavior of the system for a
wide range ol concentrations surrounding the solubility limit.

One clear reason for the stability of the Heusler phase is the type of nearest neighbor
bonds present. The Heusler ordering maximizes the number of energetically favorable Ni-Al
and Ni-Ti bonds - both B2 compounds - as seen in Table 4. In addition. the second neighbor
bonds are either Ti-AL also energetically favorable, or Ni-Ni. The Ni-Ni bonds. due to the
closeness between the lattice parameter of the Heusler phase to the equilibrium value of the
lattice parameter of Niin its bee phase. introduce very little strain in the lattice.

A closer examination of the configurations in Appendix B shows that the preference
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for L2, ordering is also apparent in the high energy states in the nonselected configurations
in Fig. 1. This is because any configuration that contains Ti atoms in Al sites with only Al
next nearest neighbors introduces a significant gain in energy. An additional advantage of
this tvpe of analvsis is that a good deal of information on alternative structures can also be
obtained. This is an important issue when dealing with metastable and other alternative
structures which may result from a particular processing scheme. For instance. we could
examine the energetics of an alternative tvpe of ordering. which for example could involve
a slight change in site occupancy in the Al-sublattice. Fig. 7 shows the Heusler unit cell as
well as one corresponding to this alternative ordering scheme (to he called Kneen phase).
which shares the first neighbor coordination with the Heusler phase. The ouly difference in
these structures resides in the second neighbor coordination. with two Ti-Al bonds being
replaced by pure Ti-Ti and Al-Al bonds. due to the different distribution of Ti and Al
atoms in the Al-sublattice. Due to the size of Ti and Al atoms relative to the lattice
parameter of the Heusler phase. this change introduces enough strain in the lattice to make
this configuration energetically less favorable and therefore less likely to be found. However.
i1 a realistic situation and depending on the processing conditions of the alloy, it would not
be improbable to find short range order similar to that of the Kneen phase (Fig. 7.b) in
addition to the expected Heusler ordering. Moreover, in regions with low Ti concentrations.
the Kneen phase competes with the Heusler phase in that they both share a great deal of
common short-range order.

The somewhat large difference in energy between configurations with the same con-
centration is not reflected in the corresponding values of the lattice parameters { Appendix

B). The lattice parameters of the different ternary alloys considered follow a nearly linear
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Atom || Nearest neighbors (a). (b) || Next-nearest-neighbors (a) || Next-nearest-ueighbors (h)
Ni | Al Ti Ni | Al Ti Ni | Al Ti
Ni 0|1 A 6 | 0 0 6|0 0
Al 10 0 010 6 0| 2 4
Ti 10 0 016 0 0| 2

Table -I: Coordination of nearest-neighbor and next-nearest-neighbor bouds for Ni. Al and
Ti atoms (first column) in the (a) Heusler phase and in (b) Kneen phase. as shown in Fig,

i.

relationship between the binary NiAl and NiTi B2 values as a function of Ti concentration
(Fig. N.a). There is. however. a small deviation below the ideal linear relationship. common
to most of the configurations that display short- and long-range order. The overall trend,
however. is clear. The lattice parameter of ternary NispAlsg-,Ti, allovs increases with
increasing Ti content. as confirmed experimentally in Ref. 4. A more detailed display of
these results is seen in Fig. 8., where the lattice parameter for the coufigurations in Fig.
+4.b are shown.

Table 5 lists the BI'S predictions for the lattice parameter of the lowest energyv config-
urations for each concentration. Two values are shown: *Ordered’. indicating the configu-
ration where Ti atoms locate themselves exclusively in Al sites following Heusler ordering,
and “Disordered’. where the Ti atoms are randomly scattered in the Al sublattice.

The results of the first column (*Ordered’) can be easily adjusted to an expression of

the form

= 1.00000 + 0.09347.rp; 0<rp; <2h (15)
[LRT

and is plotted in Fig. X.b. indicating the lincar dependence of the lattice parameter of

NiALTi allovs with increasing Ti concentration.
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rr | Ordered | Disordered
278 2.850 2.8506
107 2.859 2.859
2.50 2.863 2863
6.91 28067 28067
N33 2871 2870
9.72 2875 287
11.11 2.RTH 2RTT
12.50 2883 288

Table 5: Lattice parameter (in A) of the lowest energy NiATi confignration for several
Ti concentrations (see Appendix B for lattice parameter values for the complete set of
configurations used in this work.

Alternatively. the BF rule [19] - a simple rule derived from the BE'S equations - can pro-
vide an expression for predicting the lattice parameter for NiAl-Ti alloys of any composition.
Using Eq. (39) of Ref. 19. and the parameters listed in Table 1. we obtain

I8RT.320 v + 790430 4 + 1249 My,

alae N el 7;) = 16
N T ) = v ZAN SR + 3888777, (16)

Similar expressions (Eqs. (40)-(47) in Rel. 19) can be obtained lor the concentration
dependence of the bulk modulus and cohesive energy per atom. Also. simple rules can be
obtained (Eqs. (15)-(47) in Rel. 19) regarding the deviation of such values with respect to

the usually assumed average values.

D. Monte Carlo Simulations

While the information provided by studving a large number of candidate configurations
at absolute zero temperature provides valuable information on the encrgetics of the system
at hand. it says very little in terms of the effect of temperature and processing on the

microstructure of the alloy. In this sense. several numerical tools exist to investigate these
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issues. In this work. we concentrate on the application of Monte (farlo procedures to perform
simulations of Ni-ALTi allovs. When added to the results of the previous section. the
simulation results should provide a more complete theoretical picture of the microstructural
hehavior of these allovs.

The Monte Carlo procedure emploved in this work is a variant of that used to simulate
the Ising svstem. The computational cell used in all simulations consists of a large number
of atoms (1024 in most cases shown in this paper) arranged on a body-centered-cubic lat-
tice. Boundary effects are minimized through the use of periodic boundary conditions in all
directions. Although the simulations shown correspond 10 a wide range of temperatures,
for simplicity we ignore the lattice parameter dependence on temperature and use the T=
0 predictions discussed in the previous section. as we are mostly interested in ground state
the computational cell is a random solution, i.e. the Ni. Al and Ti atoms are randomly
assigned to cach site. in direct proportion to their assigned composition (unless otherwise
indicated). No vacancies were allowed in the majority of simulations reported in this work.
though their incorporation does not present any added degree of difficulty. as will be demon-
strated shortly. Most of the simulations shown correspond 1o a process where a sequence
of decreasing temperatures {the “cascade’) is chosen. where the system is allowed to equi-
librate sequentially at each temperature. This simulates the “slow cooling™ of the actual
alloy. starting from a high temperature disordered solid solution. The equilibration pro-
cedhure involves the random selection of a pair of atoms and their subsequent reversal in
position. The reversal in chemical identity is accepted or rejected using the Metropolis crite-
rion where, for a given temperature. the probability assigned to a particular exchange A —

B is « 25T where & is Boltzmann constant and AE is the change in BFS energy between
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the configurations after and before the switcl. The number of switches allowed is set as an
input parameter and it determines. together with the difference in teniperature hetween two
suecessive steps in the simulation. the simulated cooling rate of the sample. A large number
of switches is equivalent to a longer stabilization time. which together with small changes
in temperatures simulate a slow cooling rate. In this calculation we ignored the dependence
of the lattice constant with temperature. therefore temperature enters into the caleulation
only through the Metropolis criterion. After the system has achieved equilibrium (based on
the total energy of the computational cell), various properties of the system are computed
and averaged and then the simulation proceeds to the wext temperature decrement. The
properties calculated include the average energy of the cell. the specific lieat. and bond
correlations.

While these simulations do not attempt to mimic the detailed dynamics of the equili-
hration process. they do offer a qualitative view of the effects of rapid versus slow cooling
of the svstem. The cooling rate ( that is. the size of the steps between the various tem-
peratures considered in the cascade) is of critical importance in determining the final state
of the system. Slow cooling resulls in a highly-ordered low-temperature state. while rapid
cooling results in a more disordered material often containing antiphase boundaries. As
with actual processing, the temperature treatment of the sample is essential in deterniining
the final state. It is to be expected that the slow cascade processes. used in most of our
calculations. will result in highly ordered compounds. In contrast. sudden cooling of the
sample will result in regions of disorder often in the form of antiphase boundaries . It is also
possible that additional phases - like the ones described in the previous section - might also

appear with a frequency proportional to the difference in energy of formation with respect
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to other structures. The presence of these higher energy structures in the fast cooled sample
can arise if quenching of the sample *freezes” specific domains within the cell. whose seed is
already present in the initial disordered state.

An example of the effect of cooling rate on structure is shown in Fig. 9 which includes
the results of two separate simulations for an alloy with a bulk composition equivalent to
NiuAlTi. both starting from the same random state at high temperature. To facilitate the
visual interpretation of the results, the 1024 cubic cell is stretched along the 001 direction.
The rapidly cooled cell. shown in TI'ig. 9.a. is characterized by order and disorder features:
there is a clear trend towards separation of Ni-rich and Ti-Al alternating planes. as well
as some indication of Heusler ordering in about half the sample. The lower half of the
cell shows a noticeable degree of disorder and even the existence of some energetically
unfavorable situations, mostlv in regions of large Ti or Al concentrations. Figure 9.b. in
contrast. shows the results of a cascade process that had finer steps hetween temperatures
(slow cooled). Even though the final temperature was the same as in the previous case. this
cell displays almost perfect Ileusler ordering. Most of the antisite defects present in this
sample are eliminated after subsequent re-heating and slow re-cooling - a second cascade -
which results in an almost ideal Heusler phase with a few antisite atoms.

Figure 10 displays similar results for the slow cooling of a Nisg( AL Ti)so alloy with 1 at.
% Ti. Starting with a random alloy at high temperature, the slowly cooled sample settles
into a perfect B2 NiAl ordering with 11 atoms in Al sites. However, no trend toward pre-
cipitate formation is seen at this concentration. consistent with the configurational analysis
described in the previous section.

Figure 11 shows results for a Nigg( AL Ti)se alloy with 5 at. % Ti for two different
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computational cells. The first three cells in Tig. 11 show the final results of three consecutive
temperature cascades, each showing a higher degree ol short range order. The last cell
displavs the results of a single temperature cascade for a large (1608 atoms) cell. showing
essentially the same features observed in the smaller cell. Since this concentration is near
the accepted solubility limit for Ti in NiAlL a larger cell allows for a closer examination
of the final state and the possibility of precipitate formation. In this case. the 'Fi atoms
actuallv display three different types of behavior. as seen in the last colummn in Fig. 11, which
corresponds to the final temperature (T = 100 K): 1) the formation of Heusler precipitates.
more clearly seen if the periodicity of the cell is taken into account. 2) Ti atoms in solid
solution in the NiAl matrix with preference for the Al-sublattice. and 3) the distribution of
Ti atoms following the Kneen ordering (atoms located in alternate sites along rows parallel
to the edges of the sample ) in regions often adjacent to Heusler precipitates. Also. a few
Ni antisite atoms are seen (red atoms in the blue planes). While it might prove to be a
premature conclusion. it is noticeable that in the final state the antistructure Ni atoms seem
to "attract” Ti atoms to their vicinity in the Al plane. creating a Ti-rich interphase with the
NiA@ matrix.

Similar structures are observed in a Ni-40Al-10Ti allov which has undergone a double-
cascade process (ig. 12). At the end of each cascade, the formation of Heusler precipitates
(characterized by the chains of Ti atoms along diagonals in the Al planes) is clearly observed.
In spite of the re-heating and re-cooling of the sample, the Heusler precipitates reappear
proving that the dominant effect of sufficient additions of Ti to Ni-rich NiAl is the formation
of such precipitates. Some of the other features pointed out in Fig. 11 are also featured

in the 10 at. % Ti case: the solid solution of Ti atoms in the matrix. and the presence of
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antistructure Ni atoms in the Al sublattice, with an apparent clustering of Ti atoms in the
vicinity, Also. some Ti atoms following the Kneen ordering are clearly seen.

Finally. we wonld like to comment on 1he role of vacancies on the microstructure of the
allovs studied. So far. all the exanmples shown ignore the presence of vacancies. If vacant
sites are allowed in the calculation. it is found that none of the essential microstructural
features discussed earlier are affected to any significant degree. However. the results show
clear indication of vacancy clustering in such a way that inner Al surfaces are created. This is
not surprising. given the large size of Al atoms and the low surface energy of Al. both features
conducive to the formation of Al surfaces. Moreover. due to the tendency of vacancies to
coalesee. Niantistructure atoms are then found in the vicinity of vacancy clusters. Some
of the unfavorable Ni-Ni bonds thus created are compensated by the migration of some Ti

atoms to Ni sites creating favorable Ti-Al bonds.

IV. Experimental Analysis of NiAl-Ti Alloys

Three NiAl single crvstal allovs (Ni-47TAL3Ti. Ni-d5AESTI and Ni-43A1-7Ti) were
grown by a Bridgman technique at the University of Florida. The ingots were homoge-
nized for 32 hrs. at 1644 K. aged for 6 hrs. at 1255 K. and slowly furnace cooled from the
aging temperature. The purpose of this heat treatment was to produce a low temperature
“equilibrium” microstructure that would best correspond to the ground state conditions mod-
elled under the BFS technique. Samples for transmission electron microscopy (TEM) were
prepared from 3 mm diameter cvlinders electro-discharge machined from the heat treated
ingots. Slices sectioned from the cvlinders were mechanically ground and electrochemi-

cally thinned in a twin-jet Tenupol-3 polisher. Microstructural (bright-field /dark-field) and
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diffraction analysis were conducted in a Phillips -100T TEM equipped with a double til
goniometer,

Fig. 13.a shows a brightfield image of the Ni-17AL3Ti alloy. Except for an occasional
dislocation. the microstructure is very clean and featureless and shows no sign of any second
phase precipitation. This is confirmed in the corresponding (110) zone-axis selected area
diffraction pattern (SADP). presented in Fig. 13.b. which shows only the NiAl matrix spots
and no extra diffraction features {spots or streaking) due to precipitation.

In contrast. I'ig. l4.a shows a bright-field image of the Ni-45AE5Ti alloy after the
same thermal treatment. Precipitation of a high density of extremely fine second-phase
particles can be clearly seen. especially in the dark-field image shown in Fig. LL.b. where
the precipitates appear bright on a black background. The corresponding (110) SADP in
Fig. 14.c shows distinct extra spots which were indexed to a fee crystal structure with
lattice parameter ay = 5.86 AL corresponding to the Nip AI'Ti (Heusler) phase. From the
crvstallograplic information revealed from the diffraction pattern (schematically illustrated
and labeled in Fig. 14.d), it can be seen that the Ni;AlTi phase nucleates with a cube-
on-cube orientation relationship with the NiAl matrix. i.e. [110]y;4:/ /1105, 47i and
(001)x4://(001) vi,auri. Due to the fine size of the precipitates. 1-5 nm. and the small
lattice misfit between these two phases. on the order of 1.5 %. the precipitates are coherent
with the matrix resulting in significant coherency strains around the particles. as seen in
the bright-field image in Fig. 1l.a.

Figure 15 shows a dark-field TEM image of the Ni-43A1-7Ti alloy after the samme heat
treatment. Precipitation of a high density of well defined and colerent Ileusler precipitate

plates ranging in size between 10-50 nm can be clearly seen. While the precipitates are on
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average 10 times larger than those in the Ni-d5A1-5Ti alloy., due to the small lattice misfit
hetween the precipitate phase aud the NiAl most of the plates are suill coherent with the

matrix.

V. Discussion

In exploiting the computational simplicity of the BFS method in calculating the en-
ergetics of various allov structures. it must be understood that the technique does not
antomatically provide the ground state configuration of a particular allov but depends on
the nclusion of that confliguration in the catalogue of conligurations selected [or study.
Vor reference in this and future studies. the present catalogue of configurations has been
defined in Appendix B. Returning one last time to the issue of completeness of this set of
configurations, Fig. [ can be used as a clear example of how an occasional omission in the
predetermined catalogue can be easilv detected and corrected as the large size of the set
provides enough statistical information to detect trends and patterns and therefore, infer
what configurations might be missing. Had one of the energetically favorable configurations
been left out of the original set, the omission would have been noticed as a “discontinuity”
in the plot shown in Fig. 4.b. For example, had the Ni;AlTi Heusler phase (denoted with
a circle in Iig. 4.b) not been included in the set. it would have been easily inferred by
observing the series of states indicated with open circles, leading to the prediction of such
a phase as the ground state for that concentration. In fact. the analyvtical BFS results for
the 25 at. % Ti alloy not onlyv suggest but confirm the 12 structure as the ground state
for Ni; AlTi.

The use of this survey method for studying the energetics of various alloy svstems pro-
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vides one with significant information on not only the ground state structure of a particular
alloy hut relates general trends in the energy of formation and lattice parameter to changes
in concentration and atomic distribution. It alse has the important additional advantage of
being able to identify metastable structures or configurations with encrgy close to that of
the ground state. which may have a high probability of appearing in the alloy depending on
the actual processing conditions. We note also that Monte Carlo simulations complement
the use of our survey method to obtain ground state strictures,

One of the more significant results of this investigation is the successful application of
the BES method to the determination of the solubility level of a ternary addition to an
ordered intermetallic compound. in this case Tiin NiAlL The results of static calculations.
shown in Fig. 4. suggested that the solubility of Ti in NiAl is ~ 5 at. % . This was
experimentally verified by examining the microstructure of three NiAl-Ti allovs. where
it was found that Ni-47ALL3Ti was a complete solid-solution alloy with no second-phase
precipitation. and the nucleation of a high density of Ni, AlTi precipitates appeared only in
NiAl allovs containing 5 or more at. %4 Ti. Although the calculation of minimum energy
ground state configurations via the BFS method was performed at 0 K and the experimental
results were obtained at room temperature. the microstructure of these high-melting point
ordered allovs is not expected to be too different at these low temperatures.

Another useful result of the BFS calculations is the ability of the method to predict
the atomic structiure of the second phase particles and the lattice parameters of all the
constituent phases. Both the static and Monte Carlo simulations were able to predict the
correct atomic configuration of the resulting second phase particles. i.e. NipAlTi (Heusler

phase). in NiAl-Ti alloys. Based on tlhese calculations, the lattice parameter of the Heusler
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phase was found to he 0.53828 nw. which is in close agreement with the average value of
0.5876 nm reported for the Nip AITi structure [33]. The lattice parameter of the correspond-
ing solid solution NiALTi alloy was calculated 10 be 0.2865 nm. Thus. based solely on the
BI'S analvtical approach. the lattice mismatch between NiAl and Niy AlTi is found to be 1.7
Y. which 1s very close to the approximately [.5 Y% misfit obtained experimentally via TEM.
A controlled mismatch between phases is one of the major design eriteria in almost all high
temperature allovs. Therefore. the ability to model not only the correct second phases hut
also the resulting lattice mismatch is a significant breakthrough in the computational design
of high temperature alloys.

An additional significant coutribution of the BFS method is the ease with which the
site occupancy of a third element can be determined in a structure. Kknowledge of site
occupancy of an alloving element is an important and necessary piece of information in
understanding the defect structure and its impact on mechanical properties [34]. In the
case of NiAl-Ti allovs studied here, the BFS method was able to correctly predict the site
occupancy of Ti in the NiAl lattice. The preference of a Ti atom to occupy an Al site in
Ni-rich NiAlis well established [4] and. in fact, all the ewnpirical allov development programs
start with this basic assumption.

The most common experimental techniques for determination of site occupancy are
ALCHEMI (atom location by channeling enhanced microanalysis) [35] and APFIM (atom-
probe field ion microscopy) [36]. However. these are often tedious and very involved pro-
cedures and in the case of the former there are a number of complications whicl make the
technique relativelv inaccurate [37]. The ability and ease to analyvtically determine the site

occupancy of alloving additions. as proven by the BFS simulations shown in this work, is

NASA TM-113121 32



not only beneficial to an alloy developer. but is a boon to those trying to determine the
mechanistic beliavior of ordered allovs. Moreover. the methodology used in this work is
easilv applicable to more than one alloving element. which allows for a clear understanding
of the interaction hetween the different alloving additions.

While a great deal of structural information has been derived from the static calcu-
lations. they do not provide much information in regards to the effect of temperature and
processing conditions on microstructure. Therefore, to complement the static calculations
and further our understanding of these allovs. Monte C'arlo procedures were used to perform
simulations on the Ni-ALTi allovs. These results are swnmarized in Fig. 16, VFigure 16
shows the 1024-atom computational cell for the final states of temperature cascades for a
nuniber of different concentrations. some of these have been discussed in detail previously.
The results show that Heusler formation is apparent bevond the solubility limit for Ti. But
as in any real system. there is also a statistical chance for the development of other strue-
tures at a rate based on differences in energy between them and the ground state. In this
case. Kneen ordering and an occasional Ni-antistructure atom are evident. The abundance
of Kneen ordering can be easily explained in terms of our earlier discussion of nearest and
next-nearest-neighbor coordination. With such small energy differences involved. when a
Ti atom has the choice of occupying an Al site in a Monte Carlo calculation. the difference
hetween a Heusler site and a kneen site makes the probability at high temperatures almost
identical between the two sites. Therefore. once a 11 atom is “trapped’ in a Kneen site. its
likelihood to migrate further to form a Heusler arrangement with decreasing temperature
diminishes. With increasing Ti concentration. the energetically favorable Heusler site be-

comes more prevalent and the formation of Heusler precipitates is clearly favored due to
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the larger number of energetically favorable bonds thus created. In addition. the number of
temperature decrements within the cascade - the cooling rate of the alloy - influences the

density of these higher energy structures observed in the final microstructure.

V1. Conclusions

The BFS method has been suecessful in predicting the solubility limit. structure of
the second phase particles. lattice mismatch between the allov matrix and the precipitating
phases. and preferred site occupancy of the alloving additions. These results have proven
that almost all the necessary parameters needed for a purely analvtical alloy design approach
are now within reach. The present results provide confidence in the BI'S technique. the
authenticity of the input parameters used (Tables | and 2) and the approach used for
obtaining parameters by use of ab-initio methods. which removes the limitations imposed
by the otherwise required experimental data base. The results also provide an energetic
description of the detailed microstructure of the NiAl-Ti svstem. The real asset of the BFS
method would be to model more complex systems containing two or more alloving additions.

required for modelling alloys needed in practical applications. which is in progress.
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Appendix A - BFS Parameterization

An advantage of the BFS method is that. due to its simple formulation. it allows for a
straightforward {analyvtical) determination of the BFS A g and Agy parameters, therefore
avoiding nnmerical uncertainties inherent to any nunerical fitting procedure. Moreover, the
input data used. whether it is obtained experimentally or from other theoretical calculations.
Tocalizes™ the accuracy of the ensuing BE'S predictions for those alloys in the vicinity of the
phase diagram of the ordered structure used as input.

For simplicity. we reduce the following derivation to the case where the ordered strue-
ture corresponds 1o a cubic lattice characterized by a single lattice parameter a, (simple
bee or fee allovs with no tetragonal distortion).

Cousider an alloy A-B. where due to the symmetry of the structure. there are Ny
non-equivalent atoms of species X (X = A. B) and ny, denotes the multiplicity of the ith

nonequivalent atom of species X. so that

ZZ"M = N, (1)

where N is the total nnmmber of atoms in the cell. In this case. the two conditions used to
determine the BFS parameters consist of exactly reproducing the lieat of formation AH,
of the ordered structure and the corresponding lattice parameter. which are determined via

LMTO calculations [or a given structure. In this work. we used the B2 NiAl base alloy as

the basis for the LNMTO calculation.

/

X

ny
TS By = Ay (2)
T N,

=1
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and

where ¢y, represents the BES contribution to the energy of formation. given by
S C ('
(x, =y, + gx ey, —« \f'] (1

In Eq. (A1) (K', is the BEFS strain energy and :(\ = rf\i’ — (f\:‘)‘ is the BY'S chemical energy.
17\."’ being the reference energy.

For bulk ordered allovs. such as B2 NiAl the BI'S strain energy is the same for all
atoms of the same species and it is uniquely determined by the input value of the lattice
parameter ag.

A= B0 4 ) :

-
—

where

(1\\’: = Jx(ay — u;\' ) ( 6)
where EX and « are the cohesive energy and equilibrium lattice parameter respectively
for atonts of species X and 3y = ¢/ly. where ¢ is a structure constant and [y is a scaling

length for species X [9.21]. The “glue’ term included in Eq. (A1) s given by

e

gy, =¢ " (

-1
—

The BES energy depends on the lattice parameter of the alloy structure only via the

BFS strain energyv and glue. therefore, Eqs. (A2)-{A3) can be written as

ny ; '
%{(‘}1((11,)+_(/_\',((Iu)ff\' p =My (%)
\ i

X0
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. ~N
e Y,

ny,
; 2,: \_{ Ja

-

R 2 AU [ (9)

da |,

8]

Eq. (A8) and (AY) can then be written as

ny . ny g
Z Z %!].\’,(‘lu)ff\', = Al - Z Z \\' ('7\'((1,)) ( 10)
N o X o

!

ny, . 11.\" Y Nk
22 v lao)e, = 3030 RN vl (o), (ao) ( 11)
X o X i e

If we concentrate now only on binary allovs that form fce or bee ordered structures
characterized by a single lattice parameter (L1,. L1y, B2, B32. etce.). then vy + ng = N,

Simple expressions can then be obtained for the BFS chemical energies = and <;:

gé — &,
Sil = 0) l : ( 12)
nagy (g —i4)
and
by — 340
Cg; = (fj) 1 ( 13)
npyg (3 — 34)
where
o= (na+ np)AHy = (nacilay) + npeglag)) ( 1)
and
=3 nx sy EX g (ao) ( 15)
X

with !l,(\[')) = ¢gx(ay). The BFS chemical energies can then be determined with Eqs. { A12) and
(A 13).s0 that we can then search for the set of parameters (A 35, Ap4) that simultaneously

satisfv these couditions. This is done by starting with the use of the following expression
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for the BT'S chemical energy in terms of the equivalent (chemical) lattice parameter

o= v G = (4 a7 ( 16)
where 3 = 1ifa'y™ > 0 and 4 = — 1 otherwise. The scaled lattice parameter for the chemical
energy a'y. given by

ay = gy — @) (17)

is related 10 the BES parameters (A 5. Agy) by means of the BES equation for the chemical

energy

—{ar v i '
NRIxoxte oy lax+yp Mo _

: W FLI e ) ey —{o v +A IR - ,
= Z A .\'I.»"R‘)I( lox+aux)rxg 4 Z “‘\,k,.{\;:( {ox+dunt ) Y18)
K I8

where N(M) is the number of nearest-neighhors (next-nearest-neighbors) in the equivalent

crvstal of species X. Ry = (‘(IF\;. R, = (1_(\;. ry = ca’ and rx, = a’ (¢ = # for bee). All
three terms in the Lh.s. of Eq. (A18) are known.
CxPX caly® (=PX WSt
. ca'y oy A A e et (X g X
Qu = N{ry, + S0 TR S ¢ D R =)
Ay Fx
g = NyxrideToa ( 20)
and

. RO N
0 = Myxrige TR (21)

Because of the typical magnitude of the exponent in Eq.(A21). it is reasonable to make the
approximation ry, — rx, only in that term, so that the Lhs. of the BFS equation (1K)

reads

1
\ ‘ r ) —{o e Ve —(orx+—4+Ay )y, .
Qx — (/‘l\ - {[j\ = A _\')'I'{\::( (hxFaya)rxg 4 ;\]4\')’)‘?{:’3( (oxt gty ( 22)
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et

‘ N Ny )'—H'+]—I"’ .
(["[\ = A\‘\')’I'{\f\ll GXNTXy A”A\')'I'{\:l foxtrg)ia, ( 23)

so at

Oy — ‘/iY — qé‘ ~ r/;,\'(_A"-"' X (21

The BES parameter Ay y is then given by

I Qx =4 — 43
Ayy = —-—_———Iu{——"‘\ (/'\. LE! I8 (25)
ry, l/"i

This result is exact if second-neighbor contributions are not taken into account. or if for
any particular structure Myy = 0 for all X and Y. as is the case in this work. where the
B2 structure is such that any given atom has an atom of its own species as a next-nearest-
neighbor. i.e. Myy = 6 and My y = 0. With the exception of the numerical solution of
L. (A16). the procedure for the determination of Ay v using Eq. (A25) is straightforward
and simple. Moreover. it can be easilv shown that in most cases a quadratic approximation
to the Rydberg function (1 + 2)e™7 suffices to guarantee accuracy up tp 10 % of the exact
results, with the added advantage of a completely analytical determination of the BES
parameters A yg and Ag4. The parameters used in this work were obtained by following
the procedure described in this Appendix. including second neighbor interactions and a

nunterical solution of the trascendental equations involved.
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Appendix B - Atomic configurations

The computational cell is defined in Fig. 3.a. It corresponds 1o a bee lattice with
72 sites. The B2 NiAl alloy corresponds to the atomic distribution shown in Fig. 3.a.
where Ni atoms are denoted by black disks (labeled 1. 2. 3. ...) and the Al atoms are
denoted by grev disks (labeled 13.14.15....). A set of configurations is defined by changing
the occupancy of these sites by 1) exchanging an A atom in site » with a B atom in site
m (A, — B, ) or by 2) substituting an atom B in site ne with an atom A that originally
was in site n (A, — H,,). Somne of the configurations correspond 1o smaller versions of the
72 aton cell: those denoted with an * correspond to a cell where atoms In (n = 1. IR)
have been eliminated and those configurations denoted with *x correspond to a fraction
ol the original cell where onlyv atoms {1.2.5.6.9.10,17.18. 25.26.29.30.37.3811.12) are taken
into account. Fig. 3.b shows two examples of the configurations included in the set listed

helow. corresponding to @y, = L11.11 and a4, = 16.67.
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i | Configuration AH (eN/atom) | a (\)
0.00 | B2 -(0.61311 284K
Ny — Al -0.51543 2.8AT
Niwggr — My L 1IR3Y 2.866
Niggae — Myoan 011721 2867
Nispa — Alyo s 014122 2861
139 | (A — T -0.60954 2.852
AN (A — Ty -0.6063-4 2. 856
(A — Ti)sng -0.60615 2.856
(M — 1T)gsan -0.60577 2.8506
(M — Ty -0.60243 2.856
3750 { (M — 1056 -0.60363 2.858
(M =T34 -0.60350 2.858
(Al — T 44 -0.59918 2.859
LIT (W — T)yra0m -0.6025% 2 859
(Al — Ti)sam43 -0.60195 2.859
(.“ —_ ll)p 44 -0.59592 2.860
(A — T .47 -0.09573 2.860
(A — THas a6 -0.59267 2.860
(Ni — Thsonsss + (M — Ngosoro -0.-11575 2.8,
5.5 (U — T -0 40 -(.5986G1 2.86:3
(A —T1)5 40 4n -0.59844 2.863
(U — Tiaanasas -0.59816 2.863
(W — T Haa163.70 -0.59527 2.86G3
(A =T 4247 -0.59414 2.864
(Al — T3 1oas -0.59048 2.864
(AL — Tigs0.41 42 -0.58915 2.86-4
( \— [l)]b 19,4243 -0.58637 2.86.1
(U —=T0y -0.58630 2.801
(Vi — 11),2 a6+ (AL — Ni)en_es -0.351%2 2 882
6.25 | (A — T3 -0.59975 2.865
6.9 ( ” —Ti ) 22.41.64.66,72 -0.59194 2.867
(A — Ti) 508084046 -0.59098 2.8G7
AL (A =T O a5 -0.59383 2 868
(U — T saa507 -0.5935% 2.R68
(A =T -0 -0.589.15 2.808
(M — THis 105802 -0.58562 2.869
(A — T3 2406 -0.58560 2.86G9
(A — Ti) s L0.58528 28G9
(AL — TV e -0.5%466 2.869
{ l/ Ti) 3 s0.02.15 -0.57T817 2.869
(A= Ti)sas a2 -0.57803 2.869
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rp, | Configuration AN (eV/atom) | a (\)
N33 (M — T 50 00.085.90.40 -0.59161 2.870
(M — Tiasa001 434648 (0.HRAR2 2T
(M — T 00246 .62.0% -0.38235 2RTI
(M — Tihraea1 436507 -0.57473 2.872
(A — T 7 q1=1165 -0.57093 2872
9.26 | (A =TT sz -0.58892 2N
(AL — Ti) yom 10 058165 | 2873
(A — 19 1y 20 058058 | 287
(AL — T4 rporm 02 05RO | 287
(AL — ) otm 01t -0.57998 2.NT
(A — T Vi o1 057376 | 287
(M — T joz6s6m -0.57312 2875
(AL — TV 10 450510 0.57261 2.875
T 3, 0.566.47 2875
972 | (A — Ti)sasass841 4346 -0.584:13 2874
(Al — T0)179339.47.61.66.72 -0.58159 2.87)
PTGV — T8 05082088 40,41 43 058168 QRTT
(A= T3 1466166069 -0.57593 2NT8
(AL = TH 3 s as1 4306 -0.57552 2808
(A — T1) 424446 .48.65.67 6971 -0.57302 2.879
(AL =TT 21 w6607 -0.57235 2.879
(Al — Ti¥m 10229 307 0.57197 2NTY
(Al = TV 1= 10245050 057157 | 2.879
(Al — Ti)g 573047 06 -0.56802 2.879
(Al — T1)10.20.37.39.41 446667 -0.56679 2.879
(Al — T1) 519,38 4261 64.69.72 -0.56662 2.879
(A — T35 a1 —asau -0.56176 2.880
(Al — TiVls 1m0 cn6mm1 056116 2 880
(AL — TV s g1 0507 0.56050 | 2.880
(Al — T s a8.21 42.66 -0.55817 2880
(Al — TV a1 a0 0.55792 | 2.8%0
(Al — Ti)ix 392223 42.43.46.17 -0.55335 2,881
(—l[ -7 I)t] 44,65 —68 -0.55220 2.88]
1250 | (A — Ti) o 20.5%300 2 RR1
(Al —Ti5 -0.58000 2.881
(Al — T4) 131518203840, A1 4316 057789 2.881
(A — Tihiza022-2438 436267 -0.560:31 2.883
(Al — Tis 20.55910 | 2.883
(Al — T 38104214 46— 18 -0L5118 2 RRG
(Al — Ti) 14082238 42,46.62.66.70 -0.53:443 2.886
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e | Configuration Al (eV/atom) | a (A)
1296 1 (N — T9)5% 11 . 16.63.66.69 -0.5708Y 2.883
(AL — T 3051838086660 -0.57T08 4 2883
( ‘I - ’].i)78.35.41.4(;.“].ﬁli,(i” ‘().36697 2'(\)'\)3
(N — T 580042476660 -0.56350 2881
(AL = TNy 21801020607 -0.56090 2.881
(A — Ti) a7 30 42.45 .47 6 -0.55261 2.885
(AL — TV m2 57 s im 035135 | 2885
(Al — Ti) gsst s 054795 | 2885
(Al — 11)38 55t 054360 | 2,856
(A — T i 0.41 54647 051009 | 2886
13.89 | (AL — T4)13.05.18.20.21 38,4041 4346 -0.57135 2.885
(M — 7')« 3942444547 6264 65.67.70.72 -.55922 2.893
(M — T 5081938 41 42 44 476369 -0.55710 2.887
(M — T)15.09.23.37.39.41 43,45 47 61.65,60 -0.52729 2.896
(<“ - 11)51—46 + (A\’I',;g_(‘;u —_ .—“(;1_72) -0.32156 2.905
BIRT 4 (A — T g 5172237436271 -0.56300 2.88K8
(Al — T0)75.15.23.38.43.61 63,60 -0.55915 2.88K
(M — T 41719225730 42.45 -0.5ARRY 28RN
(A= Ti);5.17‘18.22.38.41.-{2.-{5 -0.54781 2.889
(A — TiV s 1922 2841424540 -0.54140 2.890
(AL — T 1007.18.37 3841 42 -0.53689 2.890
(V= 1)y 48 2237 38 42,46 -0.53537 2.801
16.67 | (A — T0)75 182538 41.43.61.66.71 -0.55407 2.893
(;1/ — TOlaa0.21 37,3041 42,4607 -0.54840 2.893
(A — T)58 .41 113.,46.61.63.66.69.71 -0.54782 2.893
(-'” - Ti)?4.17.22.39.42.47.(;1.(;5.«;9 -0.54745 2.893
(AL — T)75 058,39, 4245 46.61.71 -0.54405 2.8
(Al — Ti)i5.00.23.37.41 45 62.66.70 -0.5374% 2.895
(—’“ - Ti):‘;9,4l.-|2.<15.-16.65.6(;.(55».70 -0.53216 2.895
(Al — T ) s 59 424517 56 052317 | 2896
(A — Ti)2 i 65 im 051218 | 2.807
ISS2 | =TTy 8.21.88,39.41 6267 69.70 -0.54339 2.898
(Al — T}y 15 1042 01 6305 6m 09 71 053964 | 2.899
(AL — T4 17 10.20.42.61 655,656 60,71 053938 | 2.809
(AL — T0Y 1m g1 a5 m im0 052873 | 2.900
AL — T4 Vg0 590 4 55,65 6671 052687 | 2,900
IS5 (A = Ti055 1w 056750 2.896
(Al — i35 m s 054137 | 2899
(A — Ty 052327 | 2.901
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25| Configuration AH (eV/atom) | a (\)
2037 | G — T 17092287 30,4245 47 65,67 -0.52883 2.904
(W —"T5 521,22 847 39| — A3 AT — 6T -0.52345 2.9011
(A — T ) 5 17 185381 15.46.62.65.67.70 -0.52307 2901
(A — )5 18.19.23.57 38 42.96.61.67.70 -0.52068 2.901
(A — 1075 15,18 37 39419245 46,6166 -0.51251 2.905
N2 (WN=T I]Tl 1T 19,2257 30 42 A5 AT 62,6770 -0.52146 2,908
(M — ) 51521 23,58 41 43 46.62,65.67.70 051472 2.909
(A = T 180021 383001 424676667 051141 2.909
(A T 17082358 39 A1 A3 A5 ATGRET -0.50905 2.909
( Al —Ti )’1‘ 314193841 =43 45,62.66.67.71 -0.50631 2.910
(A — T 837 — 301 AP 476671 -0.50:156 2.910
(AL = T3 15171921 2338 42.46.62.66.70 -0.19771 2,911
(A — Ty 310708212087 3841 02,45.16 -0.-18996 2911
24007 | (AL = Ti) 13051821 3841 43.46.61.63.66.69.71 -0.51303 2.913
(- V=T ’)Tl 18,19.22.37.39.41 .43 45, 47.62,66,70 -0.-1896X 2.915
25.00 | (A — Ti)55 1m0 20.55553 2011
(AL — T2 116.17.19.22. 2057 39424445, 4T 62,64 .65.67.70.72 -0.52068 2911
(A — TV 512 -0.50999 29105
(Al — TV i 050500 | 2916
(A T i ma 0.49365 2917
(Al — Ti)75 s s 048963 | 2,917
(A= T ims 047421 2.919
(Al — NI am u—+—(\l—' 11)1,“,,,2(, -0.36515 2.913
(M — Nifarasa + GV =TT sara
HN T — ADYs 600 0.29191 | 2.919
(Al — N psare + (A= TOT s
HN— A 10.29401 2.919
(N — N imargs + (N7 — 1803 20900 1023480 2.925
(Al — N s+ 0= Tz
HNT— AN 000 023396 | 2.925
(AL — T0)13.16.17.20.21.24.37 40,41 44,45 48,61 .65 .64
H(Ni— Ti)gr a5+ (A — Nioresr2
FN 126105051 54.55.58.50 — 111822 3802 06.62.66.70) -0.20455 2.935
25.92 1 (A — T0)505.08,21 233841 43.46.61.63.66.69.71 -0.50165 2918
(AL — 10T 15,18.21.87 38 41 43.61,63,66.67,70.71 -0.49371 2919
3125 | (M — 19055 1mam s 048602 2.930
(Al =TIV aam imm 0. 11858 2.931
3750 | (A — Ti)5h 1maom a1z 042067 | 2,917
(Al — TPV - sar asa 02467 | 2918
(A — T} smasani -0.41253 2.9.19
1375 | (Al — T} 1m 1nma8al02 038511 2.063
R0.00 T (A — T0005 111y m 1112 035202 | 2.976
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Figure 1.—Schematic illustration of the Heusler phase and its relation to B2
compounds.

0.996

& 0.994

0.992

0.990

0.988 —

0,985 N I N I N S S
46 48 50 52 54 56 58 60 62

X/Nj

Figure 2.—Lattice parameter of non-stoichiometric NiAl alloys as a function of
Ni concentration, normalized to their stoichiometric values. The solid
squares denote results from different investigators (see ref. 1). The lines
denotes the BFS predictions.
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Figure 3.—(a) The computational cell used to generate the catalogue shown
in appendix B. (b - ¢) Two samples of the configurations of NiAl-Ti alloys used
in this calculation, corresponding to X1; = 11.11 and Xy; = 16.67.
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Figure 4.——(a) Energy of formation (in eV/atom) of the cells listed in
Appendix 2 for 0< xy; < 50. (b) A subset of the configurations listed
in Appendix 2, for the range 0 < x; < 25. The circles denote those
configurations characterized by Heusler ordering, while the solid
squares include a variety of short-range order patterns as well as
disordered states.
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Figure 5.—Configurations used for the calculation of Ti site preference
in NiAl alloys, (a) A Ti atom in an Al site, (b) a Ti atom in a Ni site,

with the displaced Ni atom occupying a site in the Al sublattice at
nearest-neighbor distance from the Ti atom, (c) same as before but
with the Ni atom located at a different site in the lattice, at a distance
greater than next-nearest-neighbor distance. In all cases, A (B)
indicates an atom A in a B site, while A(B)C indicates an atom A ina
B site with the displaced B atom in a C site. the B and C sublattices
correspond to that of an ordered B2 structure.
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Figure 6.—Energies of formation (in eV/atom) for 72 atom cells containing 36
Ni atoms, 36-x Al atoms and x Ti atoms (x = 1, 2, §). The different energy
states comespond to different substitutional defect schemes, as indicated
in Fig. 5.
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Figure 7.—Schematic representation of Heusler and Kneen temary phases. (a) Heusler phase A;BC. (b) Kneen
phase A,BC.
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Figure 8.—Lattice parameter of NiAl-Ti alloys as a function of Ti concentration.
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0.2256 0.3679 0.4065
0.7358 0.0771 0.1870
0.8130 0.1870 0.0000

0.0059 0.4966 0.4976
0.9932 0.0020 0.0049
0.9951 0.0049 0.0000

(b)

Figure 9.—Final structures of a Monte Carlo/Metropolis/BFS
simulation on a 1024 atom cell of a Ni-25Al-25Ti alloy. Both,
initially random, states are obtained by lowering the temp-
erature in different ways: Fig. 9a shows the final geometry
for a rapid cooling process, where the final temperature is
reached by 'freezing’ the initial, high temperature, state.
Fig. 9.b is obtained by slowly lowering the temperature in
equal 100 K, temperature intervals until the final temperature
is reached (‘cascade' process). The inset includes the
coordination matrix for the final state of the simulation (see
text): the element jj in this matrix indicates the probability
that an atom i has an atom of species j as a nearest-
neighbor. The labels j, j take the values 1, 2 and 3, corre-
sponding to Ni, Al and Ti.
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Ni-49AI-1Ti

Tinal = 400 K

Figure 10.—Final geometry for a cascade simulation (see text) on a
Ni-49Al-1Ti cell of 1024 atoms. An expanded view of the cell is
also shown.
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Ni-45Al-5Ti

Tﬁna|=400K Tﬁnal=100K Tﬁnal=10°K
l (1) @ )] I l

1024-atom cell - Triple cascade 4608-atom
cell

Figure 11.—Results of three consecutive temperature cascades on a Ni-45AI-5Ti
1024-atom computational cell. The fourth column corresponds to a cascade
calculation on a larger (4608 atoms) cell.
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First cascade (Tgng = 500 K)

Ni-40AI-10Ti

Second cascade (T = 100 K)

Figure 12.—Final geometry for a double cascade process on a Ni-40Al-10Ti
1024-atom cell. The first expanded cell shows the results of the first cascade
process, where the cell is slowly cooled at equal temperature intervals from
an arbitrary high temperature. Then this cell is re-heated and slowly cooled
again, reaching the final state shown in the second cell.
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Figure 13.—(a) Bright-field TEM image of the micro-
structure of the Ni-47AI-3Ti alloy and (b) corres-
ponding <110> SADP. The only features observed
in the alloy were an occasional <100> dislocation
marked "D" on (a).
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Figure 14.—(a) Bright-field and (b) dark-field TEM image of the Ni-45Al-5Ti alloy showing precipitation of fine
Heusler particles and (c) corresponding SADP and (d) an indexed, simulated pattemn.
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Figure 15.—Dark-field TEM image of the Ni-43Al-7Ti alloy showing
dense precipitation of rectangular-shaped Heusler precipitates.
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Ni-48A1-1Ti Ni-45AI-5Ti

Ni-43AI-7Ti Ni-42AI1-8Ti Ni-40Al-10T}

Ni-25Al-25Ti Ni-25Al-25Ti Ni-25A1-25Ti
First cascade Second cascade Third cascade

Figure 16.—Summary of final states for cascade processes on
Ni-(50-x)Al-xTi alloys (x = 1, 5, 6, 7, 8, 10, 25) for 1024 atoms cells.
The Heusler alloy Ni-25AI1-25Ti results correspond to a first cascade
and a third cascade process, highlighting the stability of the heusler
phase (see text).
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